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Phase-contrast x-ray computed tomography (CT) indicates the distribution of the refractive index and has potential to reveal the structures inside soft tissues without a contrast agent. With a synchrotron x-ray source, phase-contrast x-ray CT with a triple Laue-case x-ray interferometer clearly differentiated various human pathologic tissues in the cases of hepatocellular carcinoma with cirrhosis and metastatic colon carcinoma to the liver, and the images closely corresponded to those obtained with low-magnification optical microscopy.
Present clinical x-ray images are generated by means of differences in the linear attenuation coefficient. However, the discrimination between tumor lesions and normal tissues is difficult because the difference in the linear attenuation coefficient of biologic objects is very small. On the other hand, the phase-contrast x-ray imaging technique, which generates contrast from differences in refractive indexes, has potential to reveal the structures inside soft tissues without the aid of a contrast agent. This is because about 1,000 times greater sensitivity is obtained with this method compared with that of the conventional method, depending on the differences in the linear attenuation coefficient (1, 2) .
Without the aid of a contrast agent, phase-contrast x-ray radiography with synchrotron radiation revealed cerebellar structures of a rat (1) and human metastatic tumor lesions (2) . Phase-contrast x-ray computed tomography (CT) (3) also demonstrated rabbit cancer lesions (4-6), the rat cerebrum (7, 8) , and human cancer lesions (9, 10) .
The meaning of the contrast that appears in phase-contrast x-ray CT images must be clarified from a biologic or anatomic point of view. It has been reported that the contrast is made with the specific gravity map with a range of 4 mg/cm 3 (4, 6) . However, the relationship between the contrast and biologic or anatomic findings has not been investigated, to our knowledge. We compared phase-contrast x-ray CT images with optical microscopic images to determine the features represented by these CT images, and we evaluated refractive indexes of pathologic lesions on phase-contrast x-ray CT images.
Materials and Methods
An experiment was performed with a three-pole superconducting vertical wiggler beam line (Photon Factory, Tsukuba, Japan). The phase-contrast x-ray CT apparatus consisted of an asymmetric silicon crystal, 220; a triple Laue-case x-ray interferometer ( 220 Si) (11); and an x-ray detector system (Fig 1) . The x-ray interferometer was made from a highly perfect single-crystal block by cutting two wide grooves in the block. This interferometer had three parallel x-ray half-mirrors called beam splitter, mirror, and analyzer. By means of Laue diffraction on the beam splitter, the incident radiation was divided into two coherent beams. These beams were spatially separated before they reached the mirror, where they were again reflected in the Laue case. Two converged beams, from four beams generated by the mirror, overlapped on the entrance surface of the analyzer. The analyzer combined these beams, and an x-ray interference pattern appeared in outgoing beams from the back surface of the analyzer. A specimen was placed in a cell filled with water. The cell was inserted in a beam path between the mirror and the analyzer of the interferometer as shown in Figure 1 . As the position of the beam was fixed, the specimens were rotated within the cell. The beam exposure time was 60 seconds per projection, and the number of projections was 200 over 180°. The field of view was 5 ϫ 5 mm. Phasecontrast x-ray CT images were reconstructed with a voxel size of 12 µm, but the spatial resolution was about 30 µm (4) . Details of the image reconstruction methods have been described previously (3) . The x-ray energy was set at 17.7 keV with the monochromator, and x-ray flux in front of the sample was estimated to be about 5 ϫ 10 5 photons per square millimeter per second. The typical beam current of the storage ring was 300 mA with 2.5 keV.
The specimens, fixed in formalin, consisted of two cases of metastatic colon cancer in the liver and one case of hepatocellular carcinoma with cirrhosis. As the fields of view were limited in this preliminary experiment, a column specimen smaller than 5 mm in diameter was cut from pathologic tissues. Normal tissue was cut from the noncancerous part of metastatic colon cancer. Phase-contrast x-ray CT images mapped the difference between the refractive index of the tissue in the sample and the refractive index of water at 17.7-keV x-ray energy (d␦). After phase-contrast x-ray CT images were obtained, the pathologic specimens were sliced into 10-µm-thick samples, and hematoxylin-eosin staining was performed.
The regional d␦ of pathologic specimens was measured in five or seven regions of interest on the phase-contrast CT images. Data were expressed as the mean plus or minus SD. The Mann-Whitney U test for unpaired data was used to test differences between the groups. A P value less than .05 was considered statistically significant. Figures 2-4 , phase-contrast x-ray CT clearly revealed various structures within human pathologic specimens-such as cancer cells, necrotic tissue, and capsulated fibrosis in the cases of hepatocellular carcinoma with cirrhosis and metastatic colon carcinoma to the liver-without the aid of a contrast agent. Images obtained with phase-contrast x-ray CT were similar to those obtained with low-magnification optical microscopy of corresponding pathologic specimens.
Results

As shown in
The measured values of d␦ and the association with specific gravity are shown in Figure 5 . Phase-contrast x-ray CT revealed a very small difference in d␦ within the pathologic specimens.
Discussion
Pathologic Consideration for Phase-Contrast X-ray CT Images
Without the aid of a contrast agent, conventional transmission x-ray CT with section thickness of 10 mm occasionally reveals cancer lesions as areas with attenuation lower than that for normal liver. Phase-contrast x-ray CT with section thickness of 12 µm, however, clearly showed various morphologic structures of human pathologic tissues such as cancer cells, necrosis, or fat metamorphosis of hepatocellular carcinoma and fibrotic capsules resembling findings at low-magnification optical microscopy Cancer cells had low d␦ among the different pathologic tissues compared with that in normal liver tissue. In addition, on the basis of results obtained with phase-contrast x-ray CT of VX-2 cancer of rabbits (4-6) and human breast cancer (10), cancer cells tend to have low d␦. However, the very fine morphologic structures of specimens were not imaged clearly with this phase-contrast x-ray CT. In hepa- The white areas correspond to lesions with high d␦, whereas the dark areas correspond to those with low d␦. In a, the laminar structures with high d␦ correspond to a block of normal liver cells, whereas areas with markedly or mildly low d␦ are vascular spaces (arrows) and liver cells with fat deposition (arrowheads), respectively. tocellular carcinoma, cancer cells, which form a ring structure with the central bile juice, were imaged as multiple black and white granular structures. Detailed pathologic structures of hepatocellular carcinoma were undetectable with the spatial resolution of 30 µm. Fat tissue had a negative d␦ value, less than that of water, but the d␦ of fat metamorphosis within hepatocellular carcinoma had a slightly higher value than water probably because this fat metamorphosis contained necrotic tissue. Fibrotic tissues had relatively high d␦ in these pathologic specimens, but a previous study of breast tumors revealed that the d␦ of fibrosis depended on the roughness of fibrotic tissue (10) . In addition, the low d␦ of noncancerous cirrhotic tissue shown at phase-contrast x-ray CT may have been caused by hypertrophy of liver cells and the widening of the sinusoidal space revealed at optical microscopy.
Thus, d␦ changes among tissues were differentiated clearly and quantitatively with phase-contrast x-ray CT owing to its high sensitivity. However, phase-contrast x-ray CT has not been developed to the stage of medical use yet. Further studies of image contrast should be conducted to help clarify the clinical importance of this technique and to prepare a diagnostic atlas for phase-contrast x-ray images in the future.
Present Limitations and Future Plans
In this study, the view size of the object was limited to 5 ϫ 5 mm owing to the small size of the x-ray interferometer, which was manufactured from a perfect single-crystal silicon ingot 7.62 cm in diameter. Therefore, an experiment with live animals or live organs could not be performed with the present system.
For medical applications, the most important problem is establishment of a method to expand the field of view. To increase the field of view to image larger samples, larger x-ray interferometers and separated type interferometers (12) (13) (14) (15) are now being developed. At present, the largest available diameter of the silicon ingot is 10 cm; therefore, an image 25 ϫ 25 mm can be obtained with a nonseparated type interferometer. As a larger diameter of the silicon ingot is not commercially available, a separated type of interferometer is currently being developed to obtain a field of view of about 100 ϫ 100 mm (15) . With this separated type of interferometer, we are planning to perform phase-contrast x-ray mammography in vivo. To obtain phase-contrast x-ray CT images, a much larger field of view and high-speed image acquisition are needed, so we are not planning to make a phase-contrast x-ray CT system for human study.
X-ray energy of 17.7 keV in this experiment corresponded to that of conventional x-ray mammography. However, an optimal x-ray energy exists according to the thickness of the object at phasecontrast x-ray imaging (14) . With a 5-cmthick object for phase-contrast x-ray mammography, the optimal x-ray energy would be about 30 keV. Then, the object exposure would be reduced by a factor of 10 compared to that with conventional mammography at 18-keV x-ray energy.
In conclusion, without the aid of a contrast agent, phase-contrast x-ray CT images revealed various pathologic structures of human carcinoma at 30-µm spatial resolution. Quantitative evaluation of phase-contrast x-ray CT images indicated that statistically significant differences in d␦ were correlated to histologic structures. The d␦ of normal liver is about 3.4 ϫ 10 Ϫ8 , whereas the d␦ in cancer lesions is lower, ranging from 2.6 ϫ 10 Ϫ8 to 2.7 ϫ 10 Ϫ8 . The d␦ of fat metamorphosis within hepatocellular carcinoma (HCC) is very low, 0.8 ϫ 10 Ϫ8 . On the other hand, the d␦ of necrosis within the tumor is high, ranging from 4.4 ϫ 10 Ϫ8 to 4.7 ϫ 10 Ϫ8 . The d␦ of noncancerous liver tissue with cirrhosis is relatively low compared with that of normal liver: 2.9 ϫ 10 Ϫ8 versus 3.4 ϫ 10 Ϫ8 , respectively; P Ͻ .05. The d␦ is approximately proportional to the specific gravity (4, 6) , so the specific gravity () is estimated from d␦ with the following formula: ϭ (d␦ ϩ ␦ w )/␦ w , where the refractive index of water (w) is 1 Ϫ ␦ w (␦ w ϭ 74.0 ϫ 10 Ϫ8 ).
